Although a combination of laser ablation and inductively coupled plasma-mass spectrometry (ICP-MS) offers a powerful and rapid analytical method for different solid samples (e.g., rocks, 1-3 metals, 2,3 and ceramics 3 ), the mass spectral interference often becomes a serious problem.
For example, the determination of phosphorus ( 31 P, monoisotopic element) is disturbed by 14 N 16 OH + and an adjacent large background peak of 16 O2 + , which mainly originates from ambient air. In addition, the sufficient ionization of the analyte is difficult in an argon plasma, 5 because phosphorus has a high ionization potential (10.486 eV for P + ).
The present communication describes an effective combination of laser ablation and low-pressure helium-ICP-MS, 6 -8 which has not been reported so far. By this combination, the background spectra were significantly eliminated. The signal of phosphorus was also enhanced due to the highionization capability of a helium plasma. The detectability of the proposed method was evaluated by the analyses of certified reference steel samples.
Experimental

Apparatus
The laser ablation system used in this study is shown in Fig. 1 . The ablation cell was constructed by using commercially available vacuum fitting parts (BOC Edwards). The cell was placed on a computer-controlled X-Y-Z stage and linked to an ICP torch through a PTFE tube (5 mm i.d.). A water-cooled plasma torch and an aluminum interface (for plasma/MS) were used for low-pressure helium-ICP-MS. 8 Table 1 summarizes the operating conditions for laser ablation/ ICP-MS. A conventional atmospheric pressure argon-ICP-MS was also used for the comparison.
Reagents
Reference standard steel samples (cylindrical: 30 -35 mmφ × 25 -30 mm; JSS 162-2, 163-2, 164-2, 514-6, and 515-6) were obtained from the Iron and Steel Institute of Japan. High purity helium (>99.9999%, Nippon Sanso) was used for the generation of ICP.
Procedure
A sample was polished with different emery papers (#240, #600, and #1200) and then washed ultrasonically in ethanol. After drying, the sample was placed in the ablation cell. The cell was evacuated by a mechanical vacuum pump to ca. 4 kPa and connected to the ICP torch with a PTFE tube. The sample was moved automatically with the aid of a computer-controlled X-Y-Z stage at 0.2 mm/s along the horizontal axis, while irradiating a pulsed laser beam for 30 s. The resulting sample vapor was transported to the ICP with a stream of helium at 5.0 l/min. The mass spectra for 31 P + and 57 Fe + (used as internal standard) were measured to calculate the ratio of 31 P + / 57 Fe + .
Results and Discussion
Background mass spectra Figure 2a shows the background spectrum for laser ablation followed by conventional argon-ICP-MS. Because the argon-ICP was directly exposed to ambient air, many large background peaks were generated from nitrogen and oxygen. On the other hand, background intensities were significantly reduced by using low-pressure helium-ICP-MS, as shown in Fig. 2b . The background count at m/z of 31 (NOH + ) became 100 times smaller than the conventional argon-ICP.
Optimization of gas flow rates
Signal to background ratio (S/B) of phosphorus was increased with increasing the carrier gas from 1.0 to 5.0 l/min, while it was decreased with increasing the outer gas from 0.1 to 1.0 l/min. Optimal flow rates of carrier gas and outer gas, therefore, were determined to be 5.0 (the upper limit of the instrument) and 0.1 l/min (the lower limit), respectively. The transport efficiency of the sample vapor as well as the ionization efficiency may play an important role in the improvement of S/B.
Use of iron as internal standard
The diameter and depth of the crater produced by one laser shot were ca. 150 µm and 100 µm, respectively. In order to minimize the effect of a heterogeneous distribution, the sample was automatically moved for 30 s. Although the laser beam was always focused on the sample surface, the amounts ablated by the 30-s irradiation were varied case by case (0.3 -0.5 mg). The RSD of the signal for 31 P + (n = 10) was often worse than 30%.
The matrix element (i.e., iron), therefore, was used as internal standard.
Among four stable isotopes, 57 Fe + (isotopic abundance 2.19%) 9 was selected for protecting the MS detector from the tremendous counting rates. Intensities of 31 P + and 57 Fe + were measured and the ratio ( 31 P + / 57 Fe + ) was calculated. By using this internal standard method, the RSD (n = 10) was significantly improved to 5%.
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Signal intensity of phosphorus in steel samples
Five reference standard steel samples (certified values for P: 20, 90, 130, 180, and 520 µg/g) were analyzed as described under the Procedure. They were most suitable for the present work because of the wide range of the contents of phosphorus. The conventional argon-ICP-MS was also employed for the comparison. Figure 3 shows the signal intensities as a function of the contents of phosphorus in steel samples. Low-pressure helium-ICP-MS gave the good linearity (R 2 = 0.998) down to at least 20 µg/g, with the RSD's of ca. 5% for each plotted point. The detection limit (based on 3σ of the background) was calculated to be ca. 1 µg/g. On the other hand, the detection limit of argon-ICP-MS was ca. 80 µg/g because of the severe spectral interference due to NOH + . The slope of the graph (i.e., sensitivity) was twice as good as that for the conventional argon-ICP-MS.
The proposed method is rapid and convenient, though a series of certified reference materials were required for the calibration. The direct analysis of solid samples for many impurities, including phosphorus, carbon, and nitrogen, is in progress in our laboratory.
